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The correct folding and assembly of proteins within
biological membranes is essential for membrane
biogenesis and function. In contrast to the large body
of work on water-soluble protein folding, however,
very little is known about how membrane proteins
fold to their final structures. Recent biophysical
studies on membrane-protein folding in vitro are
beginning to shed light on this problem. In particular,
the forces that the membrane lipids impose on the
folding protein appear to control certain events. The
seven-helix transmembrane protein bacteriorhodopsin
has been the focus of much attention and kinetic
studies on the folding of this protein form the basis
of this review.
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Introduction
Integral membrane proteins provide the means for com-
munication across biological membranes, functioning as
ion channels, receptors and signal transducers. Like most
proteins, misfolding of this important class of hydrophobic
proteins can cause malfunction and disease. Understand-
ing how membrane proteins fold is not only pertinent for
the function of membrane proteins themselves, but also
for any protein whose function depends on traversing or
penetrating a membrane, be it for organelle biogenesis,
protein secretion or to express toxicity. 
Membrane proteins can be refolded in vitro from a fully
denatured state into a functional, native protein. The pio-
neering work of Khorana and coworkers in the early 1980s
[1,2] showed that this refolding could be achieved sponta-
neously for bacteriorhodopsin without the need for any
accessory proteins. Thus, as for water soluble proteins, the
primary amino acid sequence contains all the information
needed to define the tertiary fold. Inevitably, however,
the solvent is critical for folding, and refolding of mem-
brane proteins must be done in detergents or lipids that
mimic biological membranes. On the one hand this makes
measurements more technically demanding than those in
aqueous solution, but on the other hand the ability to
alter the lipid-bilayer structure and dynamics in a known
manner offers the potential to control folding.
Helpful features for a study of protein folding include a
knowledge of the final folded structure, together with the
ability to denature and refold the protein to a native-like
state in vitro. This is the case for only a handful of mem-
brane proteins and it is these features that have guided the
choice of the three membrane proteins whose in vitro
folding kinetics have been studied to date: bacteriorho-
dopsin [1–4], the major light harvesting complex of higher
plants (LHCII; [5–8]), and Escherichia coli outer membrane
proteins [9–12]. Bacteriorhodopsin and LHCII have α-heli-
cal structures and the E. coli outer membrane proteins have
β-barrel structures. This review addresses the α-helical
proteins and concentrates largely on bacteriorhodopsin,
which has been the most extensively studied protein.
Bacteriorhodopsin
Bacteriorhodopsin is the only protein constituent of the
purple membrane of Halobacteria salinaria, where it func-
tions as a light-driven proton pump. The protein consists
of seven transmembrane α helices connected by short
extramembrane loops (Figure 1; [13]). A retinal chromo-
phore is covalently bound within the helix bundle via a
protonated Schiff-base link to a lysine residue. Refolding
from a denatured state to the native protein can be readily
assayed by recovery of the characteristic purple absorption
band of the bound retinal chromophore; the bond is indica-
tive of bacteriorhodopsin native-like proton pumping
ability [1,2]. The refolded protein also forms two-dimen-
sional crystals with X-ray and neutron diffraction patterns
similar to the native membrane [14]. It is of interest that
recombinant proteins with single point mutations through-
out are, in almost all cases, capable of regenerating bact-
eriorhodopsin-like chromophores, albeit with variations in
rates and extents of chromophore formation [15]. Bacterio-
rhodopsin can refold to a native-like state with cuts in upto
three of its extramembrane loops [14,16,17]. On the basis
of these studies, and thermodynamic arguments, a theoret-
ical model has been proposed for the folding of α-helical
membrane proteins. In this model, folding is simplified to
two key stages [18]: first, individually stable transmem-
brane α helices form and second, these preformed helices
pack to form native protein. 
Bacteriorhodopsin is attractive for studies of membrane-
protein folding. Not only is there is a wealth of structural,
genetic and biochemical information on bacteriorho-
dopsin, but its robustness makes it ideal for the develop-
ment of methodologies. Bacteriorhodopsin is also part of a
family of retinal-containing proteins, which includes the
mammalian vision receptor rhodopsin. Rhodopsin and other
G-protein coupled receptors also have structures based on
seven transmembrane α helices, although these helices
are arranged differently within the membrane and have
larger helix-connecting loops. It therefore seems likely
that lessons learnt from studies on bacteriorhodopsin will
have much relevance to other membrane proteins and
will, for example, aid studies on the more complex folding
problem of rhodopsin [19].
A strategy for kinetic studies of membrane-protein folding
The method originally developed by Khorana’s laboratory
for refolding bacteriorhodopsin [1,2] has formed the basis
of the main protocol used in our kinetic studies [4].
Retinal and > 90% of the native lipids are removed and
the apoprotein is denatured in SDS. This SDS state is not
random coil but possesses an α-helical content equivalent
to about three or four transmembrane α helices [1,20],
although it is not known whether these are native-like
helices. Bacteriorhodopsin can be fully denatured in organic
acids [2], but organic acids are unsuitable for refolding
studies as they destabilise the refolding detergent/lipid
environment. The SDS-denatured state provides a conve-
nient starting point for kinetic studies. The protein spon-
taneously refolds on diluting the SDS with renaturing
mixed detergent/lipid micelles containing retinal. This
refolding can be initiated by stopped-flow mixing of equal
volumes of the denaturing and renaturing micelles, thus
giving millisecond time resolution [4]. We have concen-
trated on using renaturing micelles containing the lipid
dimyristoylphosphatidylcholine (DMPC) with either a
detergent, 3-[(3-cholamidopropyl)dimethylammonio]-1-pro-
panesulphonate (CHAPS), or another lipid, dihexanoyl-
phosphatidylcholine (DHPC). Both these mixed DMPC/
CHAPS and DMPC/DHPC systems are thought to form
bilayer-type discoidal mixed micelles. The refolding yield
of bacteriorhodopsin is ~95% in both systems. We have
used three main probes of folding: protein fluorescence
[4], retinal absorption [21] and protein circular dichroism
(CD; [20]; Table 1). 
This type of approach is likely to prove applicable to
other membrane proteins and we have used essentially
the same method in kinetic studies of the photosynthetic
LHCII [8]. In this case, SDS-denatured apoprotein (over-
expressed in E. coli) was mixed with renaturing octylglu-
coside micelles, containing pigments and a small amount
of native lipid dipalmitoylphosphatidylglycerol (DPPG).
The β-barrel E. coli outer membrane proteins can also be
refolded in this manner [11]. The lower average hydro-
phobicity of the E. coli outer membrane proteins than the
α-helical membrane proteins means that an aqueous,
urea-denatured state can also be used [22]. Dilution of
urea and simultaneous addition of lipid vesicles allows
their insertion and folding kinetics to be studied [12].
Another method that has been used to refold both bacte-
riorhodopsin and the E. coli outer membrane proteins is
chemical modification of the protein with polyethylene
glycol [23,24]. This water soluble conjugate can then be
refolded in mixed detergent/lipid micelles.
Bacteriorhodopsin refolding
We have resolved several kinetic phases in our studies of
bacteriorhodopsin refolding (Table 1). The simplest
sequential reaction scheme supported by our data for the
regeneration of bacteriorhodopsin from its SDS-denatured
state is shown in Figure 2 [25]. A branched scheme cannot
be excluded, nor can one with additional steps, such as one
involving isomerisations of proline residues or different
unfolded forms of the protein. 
The fastest kinetic phase that can be resolved (time con-
stant of ~4 ms) reflects mixing of the denaturing SDS and
the renaturing lipid-containing micelles. Following this, a
kinetic phase with a time constant of the order of hundreds
Figure 1
The structure of bacteriorhodopsin. A schematic representation of the
seven transmembrane α helices of bacteriorhodopsin with retinal
shown in dark grey. The schematic was reconstructed using the
coordinates of Grigorieff et al. [13].
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of milliseconds occurs, which may represent the formation
of an apoprotein folding intermediate I1 [4,21]. The key
transient folding intermediate we have identified is I2.
Folding to I2 occurs with a time constant of tens of seconds
and is rate-limiting. This intermediate binds retinal, and
prior to formation of I2 no retinal binding can be observed
[25]. I2 has native-like helical content and probably also
has a native-like retinal-binding pocket [20,25]. Retinal
binds hydrophobically to I2 in its binding site to form a
non-covalent retinal–protein intermediate, IR. The final
stage in bacteriorhodopsin assembly is regeneration of the
native chromophore through the formation of the Schiff-
base linkage between retinal and Lys216. This occurs on a
time scale of minutes and probably involves at least one
intermediate, I3. Most apoprotein folding is thought to
occur in the steps preceding retinal binding (up to I2),
although some tertiary structure formation could occur in
the later (retinal binding) stages.
Micelle mixing and early folding events
Studies on membrane proteins are dependent on the use
of appropriate detergents and lipids to solubilise the
protein. Thus, the dynamics of the detergent micelles and
lipid vesicles must be taken into account in kinetic studies
and, in particular, the changes in these detergent or lipid
moieties that occur as a result of stopped-flow mixing.
This allows changes in protein fluorescence that are due
to protein folding (or chromophore binding) to be differ-
entiated from changes that merely reflect a change in the
detergent/lipid environment of protein tryptophans. We
have used two complementary approaches to monitor the
apparent rate of stopped-flow mixing of the denaturing
SDS micelles and renaturing detergent/lipid micelles:
first, using fluorescence dyes or tryptophan, whose fluo-
rescence increases in the more hydrophobic lipid-contain-
ing micelles [4]; and second, by time-resolving the light
scattered by the micelles [21]. There appear to be two
kinetic phases associated with micelle mixing. The faster
phase has a time constant of ~4 ms, is accompanied by a
decrease in light scattering and probably represents the
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Table 1
Processes observed during the folding and assembly of bacteriorhodopsin and the techniques used for their study.
Process observed Initial mixing of SDS Molecular rearrangement Rate-limiting folding Non-covalent retinal Schiff-base formation 
and renaturing of micelles and formation step and formation of binding and formation of and regeneration of
micelles of intermediate I1 apoprotein intermediate I2 intermediate IR bacteriorhodopsin
Approximate time 0.004 0.5 15–90 (or slower)† 0.5 150
constant (s–1)*
Changes in intrinsic Increase, due to Decrease, possibly Increase, due to Decrease, due to Decrease, due to
protein fluorescence hydrophobic due to protein protein folding quenching by retinal quenching by retinal
renaturing micelles folding or micelle 
structural changes
Changes in light Decrease Increase ‡ ‡ ‡
scattering
Changes in retinal 380 nm absorbing ‡ ‡ Formation of a 430 nm Formation of a 
absorption unbound retinal absorbing species 560 nm absorbing
native-like 
chromophore
Changes in far-UV § § Apparent folding of ‡ ‡
protein CD signals ≥ 30 amino acids
from disordered to 
α-helical structure
*From fluorescence results, pH 6 [4,25]. Values for formation of I2, IR
and the Schiff base are only a guide to the rates, as these processes
are not monoexponential. Formation of IR is probably a second-order
reaction. †The time constant depends on bilayer composition; the
magnitude of this time constant increases as the percentage of DMPC
in mixed DMPC/DHPC (or DMPC/CHAPS) micelles is increased (see
text; [30]). Preliminary data also suggest that this folding process is
slowed further by other lipid mixtures that probably cause a further
increase in lipid lateral pressures. This time constant is also affected by
the pH of the aqueous phase. ‡No change observed. §Processes
cannot be observed as they are within experimental mixing dead time.
Figure 2
A reaction scheme for the folding and assembly of bacteriorhodopsin.
The intermediates I1 and I2 are partially folded apoprotein
intermediates and folding to both states is independent of retinal. The
rate-limiting step in folding is the formation of I2. Retinal, R, then binds,
first non-covalently to give an intermediate IR and then covalently on
formation of the Schiff base to give functional protein.
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formation of mixed SDS/DMPC/CHAPS micelles. The
other kinetic phase has a time constant of hundreds of
milliseconds, is accompanied by an increase in light scat-
tering and may represent a further molecular rearrange-
ment of the mixed micelles. Both these kinetic phases are
observed on stopped-flow mixing of SDS and DMPC/
CHAPS micelles in the absence of the protein. Only
the 4 ms phase is accompanied by a change in dye fluores-
cence. The hundreds of millisecond phase is not accompa-
nied by any change in the fluorescence yield of a dye or
tryptophan.
Whether protein folding occurs during these two micelle-
mixing steps remains to be established. Studies on water-
soluble proteins suggest that most α helices form in milli-
seconds (this has been extensively reviewed, for example
[26–29]). We might, therefore, expect that the formation of
transbilayer α helices in bacteriorhodopsin occurs during
the 4 ms micelle-mixing event (see also below). It also
seems likely that some folding occurs during the hundreds
of millisecond event. A change in protein fluorescence is
observed with this time constant during protein refolding,
although no change in the fluorescence of tryptophan
alone is observed with this time constant (see above). In
addition, refolding studies of mutant bacteriorhodopsin
suggest that this step may involve helix orientation and
anchoring in the lipid-headgroup region [21]. The change
in protein fluorescence with a time constant of hundreds
of milliseconds is not observed on mutation of Arg175
(P.J.B., S.L. Flitsch and H.G. Khorana, unpublished obser-
vations). This arginine residue has been proposed to be
responsible for the correct orientation of its helix [3]. We
suggest that the formation of a partially folded intermedi-
ate I1 occurs during this step as does some molecular
rearrangement of the mixed detergent/lipid micelles,
although the assignment of a folding intermediate is rather
speculative at present.
Helix formation and association
A substantial amount of protein folding, including the for-
mation of native-like secondary structure, appears to occur
before retinal binds [1,20,25]. Formation of both interme-
diates I1 and I2 is independent of retinal and folding to I2
is rate limiting. CD can be used to obtain information
regarding changes in secondary structure during folding.
There are several technical problems that must be consid-
ered in studies of membrane proteins. Two major difficul-
ties are far-UV absorption by solubilising detergents (e.g.
CHAPS) that obscures protein CD signals and differential
scattering of left and right circularly polarised light by
micelles and vesicles. We have overcome the far-UV
absorption problem by developing a lipid-based refolding
system (DMPC/DHPC) that allows measurements down
to 190 nm [30]. The differential scattering problem can be
overcome instrumentally with an appropriate detector
geometry that allows collection of most of the scattered
light [31]. Stopped-flow mixing of lipid micelles further
compounds the scattering problems, so we have concen-
trated initially on manual mixing, with a mixing dead time
of 20 s, which allows us to observe the slow formation of
α helices [20]. In order to facilitate these measurements
we have slowed down a rate-limiting folding step through
manipulation of the lipid system ([30]; see next section).
The SDS-denatured state of bacteriorhodopsin has an
α-helical content equivalent to almost four transmembrane
α helices, and the final folded state has seven transmem-
brane α helices. Thus, an equivalent of three transmem-
brane helices form during our refolding reaction. Time-
resolving far-UV CD signals at both 195 nm and 224 nm
shows that an equivalent of ~1.5 helices form within the
20 s mixing dead time. The remaining 1.5 helices (just over
30 amino acids) fold from a disordered to an α-helical
structure with a time constant of ~1 min (at pH 6; [20]).
This slow helix formation occurs during the rate-limiting
folding step and results in the transient intermediate I2
having native secondary structure. The rate of this step
varies from tens of seconds to minutes, depending on
bilayer composition ([30]; see next section).
There are several possibilities for the apparent slow helix
formation, of which I discuss only one in detail here. In the
two-stage model mentioned previously, transmembrane
helices are proposed to form first and then, in a second
stage, to pack together. The packing stage is proposed to
occur with minimal rearrangement of the preformed
helices so that although the transmembrane topology
remains the same, the helices bend, tilt, extend or shorten
[32]. Thus, each stage of the model in fact consists of
several processes. A possible hypothesis for bacteri-
orhodopsin folding (Figure 3; [20]) involves formation of
only the core regions of the transmembrane α helices,
within the hydrophobic bilayer interior, during stage one.
(In our experiment they are either present in the SDS state
or form during folding to I1.) A loosely packed helix bundle
is formed with some strain on the short interconnecting
loops, which causes disordered structure (involving ~30
amino acids) at the bilayer edges. Folding to I2 then occurs
during stage two as the helices pack into a tighter bundle,
and only once this has occurred can the disordered struc-
tures at the bilayer edges fold to α helices. Although the
apparent rate of the α helix formation is slow, we suggest
that it is the helix-packing step that is rate-limiting with
the actual intrinsic rate of helix formation being faster.
As mentioned above, this is only one of several possible
explanations for the apparent slow helix formation we
observe during bacteriorhodopsin refolding. We are cur-
rently investigating this step further, and developing
methods to monitor helix packing. Unfortunately, the
change in the near-UV CD signal of monomeric bacterio-
rhodopsin under our refolding conditions is too small to
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give accurate information on this point (M.L. Riley, B.A.
Wallace and P.J.B., unpublished observations). Another
explanation for the observation of slow helix formation is
that it reflects the insertion and formation of one complete
transmembrane α helix (most likely the N-terminal or
C-terminal helix), where the rigidity of the bilayer (see
next section) is effectively controlling the rate of helix
insertion [20,30]. An alternative possibility is that the rate-
limiting event arises from cis–trans isomerisation [33,34] of
non-native isomers of bacteriorhodopsin’s proline residues
[4]. As discussed below, however, the rate-limiting step
depends on the refolding conditions and lipid composi-
tion, which suggest that a factor other than the intrinsic
rate of proline isomerisation is governing this folding rate.
Thus, any explanation incorporating proline isomerisation
will have an extra step compared with Figure 3 (i.e.
changes in the bilayer cause a slow, rate-limiting, protein
structural change, followed by proline isomerisation, fol-
lowed by fast helix formation). Because proline isomerisa-
tions are likely to affect bacteriorhodopsin folding, we are
planning to investigate this in the near future. At this
stage of the work I present only the minimum number of
steps required to explain our data.
The effect of the bilayer
Several lines of evidence suggest that the folding of trans-
membrane proteins will be affected by the pressure
exerted on them by their surrounding membrane lipids
[35,36]. We have shown that the rate-limiting (possible
helix-packing) step in bacteriorhodopsin folding appears to
depend on this lipid lateral pressure [20]. Differential
lateral pressures exist in a fluid lipid monolayer (Figure 4a;
[35–37]). A repulsive, positive pressure can occur in the
headgroup region due to steric, electrostatic or hydration
effects. Near the polar/apolar interface the pressure is neg-
ative as the lipids crowd together to avoid exposing their
hydrocarbon chains to water, but the chains themselves
collide with each other giving a positive outward pressure.
Although the net lateral pressure of the monolayer must
be zero, these differential pressures at different depths
mean that the monolayer has a general desire to bend.
For biological systems, the monolayers of the bilayer want
to bend towards the water, but in opposite directions to
each other, thereby causing the bilayer to be in a state of
physical frustration.
Our mixed DMPC/DHPC system involves the use of two
lipids with the same phosphatidylcholine headgroup, but
differing hydrocarbon chain lengths (C14 DMPC and C6
DHPC). The rigidity to bending of the DMPC bilayer is
reduced by the incorporation of the shorter chain DHPC
lipid, which appears to cause a sharp reduction in the pres-
sure near the middle of the bilayer [38]. Increasing the rel-
ative amount of DMPC within this mixed DMPC/DHPC
bilayer therefore increases the bending rigidity of the
bilayer, which in turn increases the lateral pressure that
the lipid hydrocarbon chains impose on the folding
protein (Figure 4b). We have found a linear dependence
of the rate-limiting step in bacteriorhodopsin folding
(i.e. formation of I2) on this bending rigidity. An approxi-
mately twofold increase in the bilayer bending rigidity
causes a 10-fold slowing of the rate-limiting folding step
[30]. This is consistent with the rate-limiting step arising
from packing of transmembrane α helices (Figure 3).
Movements of these helices within the bilayer will be hin-
dered by such an increase in lipid lateral pressure as this
effectively increases the micro-viscosity within the bilayer
(although the exact nature of the relationship to viscosity
remains to be established both theoretically and experi-
mentally; R.H. Templer, personal communication). Thus,
in line with our model, as the lipid-chain pressure is
increased, slowing the packing of the core regions of the
transmembrane helices, the apparent rate of formation of
the ends of the α helices also slows.
The mixed DMPC/DHPC system has provided us with a
way to control the rate of folding and to gain a qualitative
insight into the origin of this control. It is not an ideal
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Figure 3
A possible hypothesis for the folding of
bacteriorhodopsin. The core regions of the
transmembrane α helices form first within
the hydrophobic bilayer interior and
disordered structure remains at the bilayer
edges. The rate-limiting step in folding is the
packing of these helical segments and is
controlled by the lateral pressure that the
membrane lipids impose on the folding
protein. Following this tighter helix packing,
the ends of the helices form. Retinal is
assumed to bind after these steps.
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system for quantifying this lateral pressure effect, however.
The different chain lengths of DMPC and DHPC mean
that compositional changes of the mixed micelles alter the
monolayer thickness. Such a change in hydrophobic thick-
ness also alters the lateral pressure, in addition to the
change in lateral pressure arising from the bending rigidity
change described above [36,38]. The change in thickness
is actually unlikely to be significant over the range of com-
positions we have studied. In any case, when the protein is
present the protein will dictate the effective hydrophobic
thickness of the bilayer in order to avoid any hydrophobic
mismatch between itself and the bilayer. Nevertheless, in
order to avoid such complications we are developing a
refolding system that uses two lipids of equal chain
length. In this case, the lateral pressure of the lipid chains
is altered either by changing the headgroup size or the
degree of chain unsaturation. Our preliminary results using
saturated C14 and unsaturated C16 lipids with phosphatidyl-
choline and phosphatidylethanolamine headgroups are con-
sistent with the ideas discussed here that bacteriorhodopsin
folding is affected by lipid lateral pressures (A.R. Curran,
R.H. Templer and P.J.B., unpublished observations).
The control of a rate-limiting folding step has important
implications. It allows folding to be slowed, thus opening
up the study of membrane-protein folding to a variety of
biophysical methods, as, for example, in our CD study. In a
wider sense, this type of control of helix-packing events
and fine tuning of protein structural organisation by lipid
lateral pressures is likely to be important for membrane-
bound ion channels and receptor proteins. The function of
many of these proteins depends on conformational changes
involving such transmembrane helix movements, and their
activity seems to be critically dependent on the presence
of a small amount of non-bilayer lipids in the bilayer both
in vitro and in vivo (for reviews see [37,39]). These non-
bilayer lipids increase the desire for the bilayer to curve,
which in turn alters the pressure that the lipids impose on
the embedded protein. Getting this pressure right may,
therefore, be vital for function [35,40]. A better under-
standing of the effects of lipid lateral pressure may also
aid the crystallisation of membrane proteins. The recent
success of a novel crystallisation method, using bacteriorho-
dopsin as a test system, appears to be due to the manipula-
tion of the lipid forces acting on the embedded protein [41].
Lipid lateral pressures seem to be important for control-
ling the rate of helix packing in bacteriorhodopsin, and
indeed this may be the case for other membrane proteins
and for oligomerisation of α-helical membrane proteins
in general. These lipid forces are not necessarily respon-
sible for a correct packing arrangement of the helices,
however, and may not be the dominating force in stabil-
ising the final folded state. There are a number of contri-
butions to the energetics of helix packing within lipid
bilayers, some of which are non specific (like lipid lateral
pressures) and some that are specific [42]. The binding
of prosthetic groups can confer specificity and in bacteri-
orhodopsin retinal binding is necessary to stabilise the
final folded state (see next section). Specificity in helix
interactions can also come from regions outside the
membrane, particularly if there are large extramembrane
domains. This is likely to be an important factor in
G protein receptors. The energetics of oligomerisation of
helical membrane proteins can also be dominated by
specific helix interactions. For example, dimerisation of
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Figure 4
The effect of lipid lateral pressure on
bacteriorhodopsin folding. (a) Differential
lateral pressures in a lipid monolayer.
(b) Changing the bending rigidity of a mixed
DMPC/DHPC bilayer. Increasing the relative
proportion of longer chain DMPC in the
bilayer increases the bending rigidity of the
bilayer. This increases the pressure exerted on
a folding protein by the lipid chains, which
slows the rate-limiting, helix-packing stage of
bacteriorhodopsin folding.
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the single transmembrane protein glycophorin is driven
by a highly specific interaction that involves a detailed
stereochemical fit between complementary regions of
helices [43]. 
The role of chromophores in protein folding:
bacteriorhodopsin versus LHCII
The folding events discussed above (helix formation and
packing) seem to occur prior to the binding of bacteriorho-
dopsin’s retinal chromophore. But although retinal binding
does not initiate protein folding, nor is it a major driving
force for helix association, it is the driving force for the
assembly of bacteriorhodopsin from a partially folded
apoprotein intermediate, I2 [25]. In the absence of retinal
an equilibrium is established between unfolded protein
and I2, and it is the retinal binding that drives the folding
reaction to completion. Without retinal present it seems
likely that there are a variety of conformational states of the
protein. Only one second-order retinal apoprotein reaction
has been detected during folding when retinal binds to the
intermediate I2. There are at least two stages to this
binding: first, the chromophore binds non-covalently in its
binding pocket (time constant ~0.5 s) to give a retinal–
protein intermediate IR with an absorption maximum at
~430 nm. An intermediate state with this absorption band
has also been observed during binding of retinal to apopro-
tein in its native membrane, where it was shown to be
bound hydrophobically in its binding pocket [44]. The later
stage of retinal binding we observe is the slower formation
of the covalent Schiff-base link and recovery of the native
560 nm purple absorption band, that occurs on a time scale
of minutes. The non-covalent retinal binding occurs with a
∆G ≈ –30 kJ mol–1 [25]. Although the covalent bond forma-
tion has not been directly measured under our refolding
conditions, other work indicates that it is exothermic with
an enthalpy change an order of magnitude larger [45], sug-
gesting that further stabilisation of bacteriorhodopsin
occurs when retinal covalently binds in its pocket.
The work on LHCII also suggests an important role for
bound chromophores. This photosynthetic antenna complex
captures sunlight and channels it to photosystem II. As
such, it resides in the photosynthetic membrane and
binds many chlorophylls, which transfer energy to each
other with ~100% efficiency. LHCII possesses three
transmembrane helices, two of which are inclined at 30°
[5] and are longer than those of bacteriorhodopsin, being
~50 Å as opposed to ~30–40 Å. The protein non-cova-
lently binds at least 12 chlorophylls and two xanthophyll
molecules. In contrast to bacteriorhodopsin, folding of the
LHCII polypeptide appears to be triggered by binding of
these pigments and the complete set of pigments seems
to be required for formation of stable LHCII complexes
[6–8,46]. We have used time-resolved fluorescence spec-
troscopy to monitor changes in both protein and chlorophyll
fluorescence, as well as energy transfer from chlorophyll b
to chlorophyll a, during complex assembly [8]. As for bac-
teriorhodopsin, mixing of the denaturing and renaturing
micelles occurs in the millisecond time range, although
some protein folding may also occur during this step.
Two main kinetic phases are then observed, a time con-
stant of ~30–60 s which results in the formation of a non-
functional, pigment–protein complex. This is followed by
recovery of energy transfer that occurs with a time con-
stant of minutes and is the final stage in LHCII assembly
in vitro. 
In both bacteriorhodopsin and LHCII the final stage of
chromophore binding is slow (several minutes) and is the
last stage in regeneration of native protein. The folding
events prior to retinal binding in bacteriorhodopsin are
also slow, being tens of seconds. The E. coli outer mem-
brane proteins also appear to fold slowly, with the final
step in folding of Omp A taking ~30 min [12]. Although
this contrasts to the faster folding often observed for in
vitro folding of water soluble proteins, several factors need
to be taken into account. These include the relatively
large size of the membrane proteins studied to date, the
relatively large number of proline residues they possess,
the number of chromophores to accommodate, and the
model membrane used for refolding.
Conclusions
The past few years have seen exciting developments in
the field of membrane proteins of which the folding work
described here is only a small part. Improved genetic, bio-
chemical and structural knowledge has aided detailed bio-
physical studies. In the next few years we can expect
many more gene sequences for membrane-bound recep-
tors, signal transducers and ion channels, and a more
modest, but significant, increase in three-dimensional
structural information. Thus, there is a need for a better
understanding of the folding of these proteins from their
primary sequence. In addition, the search for efficient
expression systems for membrane proteins is often limited
by protein misfolding, degradation or aggregation, as well
as the formation of inclusion bodies. Designing methods
to extract, partially denature and then reconstitute these
non-functional proteins are becoming of increasing value.
The developmental work on the folding of bacteri-
orhodopsin described here should provide a model system
for future studies, holding much promise for a detailed
understanding of protein folding within the membrane
environment. In particular, it seems that understanding
the involvement of the bilayer and choosing appropriate
model membrane systems for refolding studies, although
non trivial, will be crucial for improving our knowledge of
how membrane proteins fold.
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